Strontium titanate SrTiO 3 (100), (110), and (111) single crystals, undoped or donor doped with up to 1 at% La, were isothermally equilibrated at temperatures between 1523 and 1773 K in synthetic air followed by two different methods of Sr tracer deposition: ion implantation of 87 Sr and chemical solution deposition of a thin 86 SrTiO 3 layer. Subsequently, the samples were diffusion annealed under the same conditions as before. The initial and final depth profiles were measured by SIMS. For strong La-doping both tracer deposition methods yield similar Sr diffusion coefficients, whereas for weak doping the tracer seems to be immobile in the case of ion implantation. The Sr diffusivity does not depend on the crystal orientation, but shows strong dependency on the dopant concentration supporting the defect chemical model that under oxidizing conditions the donor is compensated by Sr vacancies. A comparison with literature data on Sr vacancy, Ti, and La diffusion in this system confirms the concept that all cations move via Sr vacancies. Cation diffusion is several orders of magnitude slower than oxygen diffusion.
Introduction
Strontium titanate SrTiO 3 is not only a model material for perovskite-type ternary oxides (ABO 3 ) but also has various technical applications, for example as electronic material (see, e.g., ref. 1). It exhibits no phase transitions up to the melting point of ca. 2000 1C. By doping the electrical characteristics may be tailored to meet specific needs. By adding donors like the rare earth elements on the A site or Nb or Ta on the B site a promising material for resistive oxygen sensors is obtained which may be operated at temperatures above 1000 1C in a wide range of oxygen partial pressure, p(O 2 ). The advantage of donor doped compared to acceptor doped SrTiO 3 is the unambiguous relation between electrical conductivity and p(O 2 ) at higher p(O) 2 values. However, in contrast to acceptor doped SrTiO 3 where the highly mobile electrons, holes, and oxygen vacancies are the majority charge carriers and the system is well understood (see e.g., ref. 2) , in the case of donor doped material also cation vacancies are involved in the equilibration reactions after a change in p(O 2 ) at high temperature. This leads to surface reconstruction and secondary phase formation, which besides the temperature and the p(O 2 ) also depends on the crystal orientation and the dopant concentration (see e.g., refs. 3 and 4, and references therein).
Following the defect chemistry model of donor doped SrTiO 3 , 5 the bulk defect chemistry is determined by the reaction (see ref. 6 for defect notation)
Hence, an increase of the outer p(O) 2 causes a corresponding decrease in the oxygen vacancy and electron concentration. To compensate for the donor doping, cation vacancies are generated in return. Electrical conductivity and gravimetrical measurements, 7, 8 determinations of the O uptake during the compensation change, 9 the Sr vacancy formation observed in solid solutions of SrTiO 3 and La 2/3 TiO 3 10 and experiments on the secondary phase formation on different (Sr, La)TiO 3 stoichiometries 11 all provide experimental evidence that exclusively Sr vacancies are generated at least at dopant fractions below 0.3. Furthermore, computer simulation studies show that formation of the highly charged Ti vacancies is energetically very costly. 12 Because of the high packing density of the crystal lattice, interstitial sites virtually do not exist. As only one computer simulation study favours the compensation by a complete Schottky reaction, 13 Sr vacancy compensation is assumed throughout this paper.
Upon the generation of Sr vacancies an excess of Sr ions is created. Some authors postulated the formation of RuddlesdenPopper phases (SrO Á nSrTiO 3 , 14 ) as layers in the crystal as a sink for the excess Sr. 15, 16 However, these phases have not been detected experimentally up to now. Newer results indicate that the formation of Sr vacancies is restricted to the crystal surface 17 and all excess Sr migrates to the surface where secondary SrO x phases grow on top of the surface (see, e.g., refs. 3, 18 and 19) Additionally, Ruddlesden-Popper phases are formed at the surface in-between the secondary phases. 20, 21 In the crystal bulk, the Sr vacancy concentration is under oxidizing conditions fixed by the donor content
leading to the observed correlation of the amount of secondary phases and the dopant concentration. The rate-limiting step of the equilibration after a change in p(O 2 ) is therefore the diffusion of Sr vacancies from the surface into the crystal volume. As the Sr vacancy diffusivity is orders of magnitude lower than the diffusivites of both the oxygen vacancies and the electrons, a space charge zone develops in the near-surface region affecting the defect mobilities.
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In the opposite case of reduction at low p(O 2 ), the oxygen release into the gas phase is accompanied by an electron generation. This leads to a partial reduction of Ti 41 . Also, the formation of Ti 31 containing phases like Ti 2 O 3 or LaTiO 3 is observed. [22] [23] [24] Although the defect chemical model seems to be consistent, reliable experimental data for the crucial parameter of the system, the Sr diffusivity, is not yet available. Decades ago, an experimental study on Sr and Ti diffusion in undoped SrTiO 3 focussing on the dislocation dependence 25 was published, which was confined to a single temperature of 1875 1C and did also not address the dopant concentration dependency. For the Sr vacancy diffusion, only one experimental study was published for Nb-doped (Sr, Ca)TiO 3 , 26 but the effect of the different chemical composition regarding the Ca on the defect mobilities is not known. Another value for the Sr vacancy diffusivity was deduced indirectly from the depth-dependent O diffusion coefficient. 17, 27 In this work, following investigations of the La, Nd, and Ti diffusion in La-doped SrTiO 3 under oxidizing conditions, 28, 29 we present the results of Sr tracer diffusion experiments.
Experimental
Commercial SrTiO 3 single crystals were obtained from Crystec (Berlin, Germany). The different dopant concentrations and crystal orientations of the samples and the temperature ranges of the experiments will be given together with the two different tracer deposition procedures below. All anneals were carried out in an alumina tube furnace in a continuous flow of 10 cm 3 min À1 synthetic air (dry, 20% O 2 , 80% N 2 ) at ambient pressure. Prior to tracer deposition the samples were annealed under the same conditions as the diffusion anneals to equilibrate the samples to a sufficient depth with the atmosphere of the respective experiment.
The samples were transferred to and from the furnace using a linear translator in steps of 10 cm min À1 and cooled in air. The time the samples resided in the hot zone of the furnace was taken to be the annealing duration. As the samples do not reach the annealing temperature immediately and diffusion also occurs to some extent during the cooling of the sample, this is an approximation. The samples reach room temperature not until 30 min after the experiment. By using a sample holder equipped with a thermocouple, we recorded the sample holder temperature during the transfer. By integrating over the heating and cooling periods using the temperature dependent D values given in section 3.3, a Sr diffusion length of ca. 1 nm at 1573 K and 2 nm at 1673 K is obtained for strongly doped samples. For weakly doped samples, these values are even about a decade lower. Therefore, no diffusion length correction was applied.
As described in section 1, annealing under oxidizing conditions leads to an epitaxial growth of secondary SrO phases on top of the surface, in particular on strongly doped samples. Optical micrographs of surfaces similar to the samples used in this work are shown in ref. 29 . To remove these SrO islands after equilibration, the 1 at% doped samples were washed for 24 h at 60 1C in deionized water. Hereby, the majority of the islands is removed (see again ref. 29 32, 33 A slight Ti excess of 0.5% was adjusted to prevent the formation of additional Sr bearing phases. Five subsequent coating steps were performed on each substrate. After each step the samples were annealed for 10 min at 700 1C in oxygen atmosphere. Finally, the samples were annealed for 30 min at 750 1C in oxygen atmosphere. Using optical microscopy and scanning electron microscopy (SEM) equipped with an energy dispersive X-ray spectrometer (EDX) the layers appeared to be dense and chemically uniform.
The depth distribution of all ions was measured before and after the diffusion anneals by secondary ion mass spectrometry (SIMS). The majority of the measurements was done with a Cameca IMS 3f using a 10 keV O À primary ion beam and a primary current of 30 to 100 nA. Depending on the secondary ion intensities, an area with a diameter of ca. 10-60 mm in the center of the sputtered area of 250 Â 250 mm 2 was gated for signal detection. For some of the measurements, a Cameca IMS 4f or IMS 5f were used, both with a Cs 1 primary beam operated at 10 keV and 15 nA with a scanned area of about 150 Â 150 mm 2 , detecting secondary positive ions at a potential of 3.8 keV.
In general, the isotopes 12 C, 16 O, 48 Ti, 86 Sr, 87 Sr, and 88 Sr were recorded, each with a counting time of 1 s. Additionally, 139 La was analyzed on all La-doped samples. In most cases, also the mass 89 was analyzed to check for the formation of 88 SrH and thus for possible hydride interferences between the different Sr isotopes (e.g., the interference of 86 SrH on 87 Sr). Hydride formation is found to be strongest at the beginning of the depth profile. In most cases the value for the intensity ratio 88 SrH/Sr was less than 10 À3 and hydride interferences were therefore negligible. For some measurements done at the IMS 4f instrument where this ratio exceeded 10 À2 the interferences were corrected mathematically afterwards. The energy slit was usually fully opened to prevent oscillating signals due to the slight charging of the insulating samples.
Prior to SIMS analysis, all samples were coated with a carbon layer of 10 to 50 nm thickness to prevent charging. As the samples were used for several consecutive experiments, carbon is preferable to metals like Au because it reacts to CO 2 and is removed at the beginning of the next diffusion anneal. This was verified performing X-ray photoelectron spectroscopy (XPS) using an Al Ka beam on a carbon coated SrTiO 3 sample before and after annealing for 2 h at 1573 K. Prior to annealing, a strong C 1s peak is visible at a binding energy of 284 eV indicating atomic carbon. No peaks of Sr, Ti, or La are detected, which is understandable considering the carbon layer thickness of at least 10 nm and the information depth of XPS of ca. 2.5 nm for Sr 3d in carbon. After annealing, Sr, Ti, and La peaks appear in the spectrum and the intensity of the C 1s peak, which is still at the same position at 284.5 eV, is strongly reduced. The formation of carbonates at the surface can be excluded, as in carbonates the C 1s peak is located at higher binding energies of about 290 eV. As the analysed area of the respective XPS instrument slightly exceeds our sample size, contributions of the sample holder are visible in the spectrum. It is made from Mo metal, which possesses a high solubility for C. Therefore, an additional XPS spectrum of only the Mo holder without the SrTiO 3 sample was recorded, which verified that the remaining C signal in the spectrum can be fully attributed to the sample holder.
The crater depths were measured using a surface profiler (Tencor AlphaStep500). For all profiles used in the following, the depth was corrected by subtraction of the conducting carbon layer. In cases where the carbon layer thickness was sufficiently low compared to the overall crater depth, a linear depth calibration was used. At carbon layer thicknesses above ca. 30 nm a second depth profile of only the carbon layer was recorded which was used to correct the depth according to the different sputter rates of the carbon layer and the SrTiO 3 crystals.
Results and discussion

Ion implantation
After implantation, the tracer ions ideally show a Gaussian distribution following the expression,
with c being the tracer concentration, x the depth, t the time, N the implanted dose, s the standard deviation of the Gauss distribution and x c the mean value of the projected range. Annealing of the implanted samples leads to tracer diffusion which can be determined from the broadening of the Gaussian profile. The tracer diffusion coefficient D is derived directly from the increase in s by fitting the proper solution of Fick's second law to the depth profiles:
yields:
where s pre and s post are the values for s measured before and after an annealing step.
In Fig. 1 , typical depth profiles of an ion implanted sample doped with 1 at% La are shown. After annealing the expected broadening of the tracer distribution is observed. Judging from the distorted shape of the tracer profiles at depths x o x c , the recovery of the implantation damage by recrystallisation of the SrTiO 3 lattice seems to be incomplete in this region, causing a different diffusion behaviour of the Sr tracer at x o x c . A similar behaviour was observed with implanted La tracers. 28 In contrast, identical experiments with Nd and Ti tracers 28, 29 did not lead to distorted profiles. The depth distribution of the vacant lattice sites generated by the irradiation possesses a similar shape as the implanted ions, but the maximum is shifted to a lower depth. Therefore the radiation damage is strongest at x o x c . Calculating the number of vacancies generated by each implanted ion using the SRIM 2003 software package (''the stopping and range of ions in matter'', see ref. 35 ) yields values of about 680 vacancies/ion for 49 Ti, 1100 vacancies/ion for 87 Sr, and 1700 vacancies/ion for 139 La implantation for the respective acceleration voltages. Considering that the implanted dose was twice as high in the case of Sr compared to Ti and La the amount of radiation damage should be much higher in the case of Sr and La compared to Ti. Therefore, only the profile sections with x Z x c were used for fitting.
Another slight deviation from the ideal Gauss shape is observed at the trailing edge of the implantation profiles at 87 Sr isotope fractions below 0.1. This is caused by atomic mixing due to the recoil of sample ions during the SIMS analyses (see e.g., ref. 36) . As the D values were determined from the difference in the s values of the depth profiles as described above, these deviations have no significant influence on the determined D values 29, 37 and were therefore neglected. In Fig. 1 , the Gauss fit to the profile after 30 min of annealing yields x c ¼ 33.1 nm and s ¼ 23.6 nm. Calculating the respective values with the SRIM 2003 software and assuming a stoichiometric SrTiO 3 crystal with a density of 5.12 g cm À3 gives a similar x c value of 33.9 nm but a much lower s value of 13.1 nm. This difference is caused by the surface roughness and atomic mixing during the SIMS analysis (see above) and additionally by tracer diffusion during the 30 min of annealing. As stated earlier, a high amount of vacancies is present at the beginning of the annealing experiment due to radiation damage. Under these conditions, the Sr tracer diffusivity might be much higher compared to the values obtained later after damage recovery. Fig. 2 shows typical depth profiles of a weakly doped sample. Whereas some outward diffusion of the tracer ions seems to occur in the damaged profile section at depths x o x c , no significant diffusion could be detected at x Z x c even after several weeks of annealing. Therefore, only an upper limit of the Sr tracer coefficient, D, can be calculated from the annealing duration and the analytical error. The latter, more precisely the standard deviation s of the analytical reproducibility of the depth profiles, which is mainly determined by errors in the mechanical crater depth measurement and the Gaussian fit, can be calculated from the single measurements of each weakly doped sample using the expression 38
with s ij being a single value, s j the mean value, and n the number of values of sample j and N the number of samples.
The s values of the weakly doped samples compiled in Table 1 yield a value of s ¼ 1.45 nm. Hence, using 2s as analytical error, the Sr tracer diffusion coefficients must be lower than 6.9 Â 10 À23 m 2 s À1 at T ¼ 1573 K, and 7.6 Â 10 À23 m 2 s À1 at T ¼ 1673 K, respectively.
The s and D values obtained for the strongly doped samples are listed in Table 2 . The D values will be discussed together with the results of the second tracer deposition method in section 3.3. Fig. 3 displays depth profiles of a 1 at% La-doped sample directly after deposition of the polycrystalline 86 SrTiO 3 layer (t ¼ 0) and after two annealing steps.
Chemical solution deposition
At t ¼ 0, a uniform 86 Sr enrichment of 95.7% is observed in the layer, which drops approximately to the natural abundance of 9.86% in the SrTiO 3 crystal. 88 Sr, which has the highest natural abundance of 82.58, shows an opposite distribution with values of 3.1% in the layer and 81.6% in the crystal. 87 Sr, which is not displayed in Fig. 3 , shows a similar behaviour as 88 Sr but at lower isotope fractions because of its lower natural abundance of 7.0%. At t ¼ 0, the interface between the layer and the crystal is obviously not an ideal step profile. A broadening of the interface is observed, which was measured by differentiating the raw Sr isotope intensities over the depth and fitting a Gaussian function to the differentiated data. This is only an approximation, as the differentiated data shows a slight asymmetry which will be discussed later. The maximum of the Gauss distribution was taken to be the layer thickness, the full width at half maximum (FWHM) to be the interface broadening, respectively. The average layer thickness of all samples amounts to 43.6 AE 2.4 nm, the interface broadening to 13.3 AE 1.2 nm, showing that the reproducibility of the deposition method is very good.
To determine the origin of the observed deviation from the ideal step profile the instrumental effects during the SIMS measurement may be estimated. As was already shortly discussed in section 3.1, broadening of SIMS profiles is caused by surface roughness and waviness, atomic mixing due to ion bombardment and the information (emission) depth of the secondary ions. 36 The latter usually amounts to 0.3-0.4 nm and is therefore negligible in our case. The effect of surface roughness on a step profile can be described as an error function, the derivative of which is a Gaussian function with the measured roughness as the standard deviation parameter. The average surface roughness of all samples was measured via surface profiling during the crater depth measurements. It amounts to 3.2 AE 0.5 nm. The values at the crater bottom do not differ systematically from values measured at the surface, indicating that the surface is not significantly roughened by the sputtering process itself.
Atomic mixing, more precisely the recoil of target atoms or ions due to the ion bombardment during SIMS, depends on the primary ion energy, their incidence angle, their mass, and the density and composition of the sample. Atomic mixing does not lead to a Gaussian but to an asymmetric redistribution with a steep leading and a slowly decreasing trailing edge which can be approximated by an exponential equation. The effect of atomic mixing was estimated using the MRI modelling software. 36 Starting from a step profile and using the measured roughness of 3.2 nm and an information depth of 0.4 nm, a fairly good agreement with the experimental data is obtained at a value of about 8.5 nm for the mixing zone width. This is a reasonable value, as SRIM calculations yield a depth value of 7.5 nm for the maximum of the Sr recoil distribution for the given SIMS analysis conditions using oxygen primary ions. It is therefore assumed that the interface broadening is solely caused by instrumental effects and that no tracer diffusion took place during the layer production. Comparable to the ion implanted samples, this instrumental broadening becomes less significant with increasing diffusion lengths.
After diffusion annealing, the expected exchange of Sr isotopes between layer and crystal is observed. In addition to the isotope exchange between layer and substrate, isotopic exchange of Sr also occurs at the layer surface (see Fig. 3) . Two explanations are possible: Sr moves from and to the uncoated sample edge and backside (1) via fast surface diffusion and/or (2) by desorption/adsorption via the gas phase. As no significant difference could be detected in depth profiles recorded close to the edge or in the center of the samples, at least one of these processes seems to be fast enough to provide an excess of Sr at the surface, so that the incorporation of Sr into the lattice or the volume diffusion itself is the rate-limiting step. A verification using experimental data from the literature is difficult. Up to now, no Sr vapour pressure data is available for SrTiO 3 and only one study on surface diffusion on SrTiO 3 was published, 39 where the deepening of a grain boundary groove was measured by atomic force microscopy and therefore only the diffusivity of the slowest species, in the case of SrTiO 3 Ti, was determined. Also, the restructuring of the surface accompanied by a secondary phase growth (see section 1) leads to changes and local variations in the activities of Sr and Ti containing species at the surface making thermodynamical calculations based on vapour pressure data of SrO and TiO 2 highly speculative.
In Fig. 4 , Sr isotope depth profiles of a 0.02 at% La-doped sample annealed at T ¼ 1773 K are displayed. Depth profiles of undoped samples, which are not shown, look quite similar. In general, the Sr diffusivity is much lower in weakly or undoped SrTiO 3 than in strongly doped samples. In contrast to the strongly doped samples, no significant inward diffusion of Sr from the layer surface is observed. It seems therefore that the kinetics of the Sr surface transport or of the surface incorporation reaction depend even more on the dopant concentration than the Sr mobility in the crystal volume.
As the analytical solution of Fick's second law for a thick layer requires a step profile as the initial profile, the profiles were processed using an in-house software, which numerically solves Fick's second law for a measured initial profile and the respective annealing duration. Using a simplex algorithm, the two D values of the tracer layer and the bulk crystal, respectively, and the surface exchange coefficient are varied, until a best fit to the measured final profile is obtained. The layercrystal interface was assumed as a boundary between the two different D values. As the experimental profiles are not discontinuous at the boundary and considering the interface broadening due to the SIMS analysis as discussed above, a boundary width of 13 nm was assumed. Within the boundary an exponential interpolation of the two D values was used. The 86 Sr and 88 Sr profiles were fitted simultaneously. Figs. 3 and 4 show that the modelled and experimental curves agree well except for short annealing durations and strong La-doping. Here, a significant deviation from the modelled and experimental profiles is observed in the tracer layer. This is attributed to the fact that after deposition the tracer layer does not contain La and therefore possesses a low Sr vacancy concentration compared to the crystal volume (see eqn. (3)). The chemical diffusion of La into the layer at the beginning of the diffusion experiment is accompanied by a formation of Sr vacancies, leading to a Sr vacancy concentration gradient in the layer and a depth dependent Sr diffusivity. After prolonged annealing, the tracer layer possesses the same composition as the crystal substrate. Therefore, for short annealing and strong La-doping the diffusion model would have to be modified allowing for a depth dependent diffusivity in the layer. A complete diffusion model of the polycrystalline layer would also require the incorporation of grain boundary diffusion, which is virtually impossible to separate because of the low layer thickness. As these simplifications for the diffusion in the layer, however, do not affect the accuracy of the Sr volume diffusivities obtained for the single crystalline substrate, we will discuss only the latter.
To reach a sufficient diffusion length, at least two annealing steps had to be performed for most of the samples. The D values determined from the final measurements differ by AE10 to 40% from the values obtained earlier for the respective samples. Therefore, no time or depth dependency of the Sr diffusivity is found. Because of the larger diffusion lengths the final values are considered to be the most accurate. These values are listed for all CSD coated samples in Table 3 . They will be discussed together with the ion implantation results in the following section.
Diffusion coefficients
The Arrhenius diagram of all measured Sr volume diffusivities is displayed in Fig. 5 . The results for the 1 at% La-doped samples show that, similar to the results for Ti and La, 28, 29 no systematic dependence on the crystal orientation is observed. This is not surprising, considering the cubic crystal lattice of SrTiO 3 . For 1 at% La-doped SrTiO 3 , no significant difference between the diffusivities obtained with the two tracer deposition methods is found either. Hence, all values of both methods for 1 at% La-doped SrTiO 3 were used for an Arrhenius fit leading to the following pre-exponential factor and activation enthalpy:
This corresponds to an activation enthalpy per atom of (3.9 AE 0.3) eV for 1 at% La-doped SrTiO 3 .
The measured diffusivities for the weakly and undoped samples are considerably lower compared to the strongly doped samples. Within the experimental accuracy, the values determined for undoped and 0.02 at% La-doped SrTiO 3 Considering that an error of a factor of two is not uncommon in tracer diffusion experiments, this deviation is acceptable. Besides, because of the big difference in the Sr vacancy concentration the degree of interaction between the Sr vacancies may be significantly different, which was not taken into account for the above calculations.
In the case of the undoped samples, the Sr vacancy concentration has to be calculated in a different manner, as the undoped samples nominally do not contain La. By neglecting impurities, the Sr vacancy concentration is determined mainly by the partial Schottky equilibrium
with the Schottky constant
The values for the preexponential factor and the activation enthalpy were taken from Helmbold 27 and Moos and Ha¨rdtl, 5 respectively. The Schottky constant depends slightly on the dopant concentration, which is included in an uncertainty of about one decade in the pre-exponential factor and of AE0.3 eV in the activation enthalpy. 5 The oxygen vacancy concentration can be calculated from the mass action law for eqn. (1), again using values of Moos and Ha¨rdtl:
and
Inserting (undoped) , which is much higher than experimentally observed but still within the error of the calculation, considering the error of one decade for K S .
At very low dopant concentrations other defect equilibria than those regarded above may play a significant role for the creation of cation vacancies. The nominally undoped SrTiO 3 crystals contain a certain amount of impurities which is not exactly known. Impurity analyses of comparable commercial samples yield contents of r3 Â 10 16 cm À3 for Na, K, Si, and Fe and up to 7 Â 10 17 cm À3 for Al, Ca, and Ba. As elements acting as acceptors such as Fe and Al are generally more abundant than donor elements, the crystals are therefore probably slightly acceptor doped. However, this should cause a decrease rather than an increase in the Sr vacancy concentration. On the other hand, also other donor forming reactions are possible. For example, the formation of hydroxide ions on oxygen sites was observed in undoped and Fe-doped SrTiO 3 in hydrogen containing atmospheres:
However, as synthetic air was used in our experiments, the partial pressures of H 2 and H 2 O in the atmosphere have both been low. For the undoped samples it is therefore not possible to calculate a reliable Sr vacancy concentration that could be used for an evaluation of the measured D Sr . In the case of the 0.02 at% La-doped doped samples the difference between the dopant concentration (3.4 Â 10 18 cm À3 ) and possible impurity concentrations is large enough so that impurities can be neglected.
An unexpected result is that for 0.02 at% La-doping, in contrast to the strongly doped samples, the D Sr values measured with the CSD method are much higher than the maximum possible values obtained from the ion implantation method (see section 3.1). For example, the values determined for T ¼ 1673 K amount to 5.2 Â 10 À22 m 2 s À1 for CSD and r7.6 Â 10 À23 m 2 s À1 for ion implantation, respectively. The reason for this substantial difference is not clear. We consider the results from the CSD method to be more reliable, as in contrast to ion implantation the crystal lattice is not damaged by irradiation during tracer deposition. Furthermore, ion implantation introduces additional Sr into the lattice. At the given conditions, the Sr concentration is increased by more than 7 at% at the maximum of implantation. Following eqn. (3), the Sr vacancy concentrations amount to 2 and 0.04 at% for 1 and 0.02 at% La-doping, respectively, after equilibration under oxidizing conditions. Hence, in the case of strongly doped material at least a part of the excess Sr may be accommodated in Sr vacancies on recrystallisation of the radiation damage. As this is not possible for weakly doped material, a segregation and formation of secondary phases within the sample may occur, leading to the observed immobilization of the tracer.
Generally, the determined Sr diffusion coefficients are several orders of magnitude lower than the oxygen diffusion coefficients for the respective conditions. 27 Sr diffusion data for SrTiO 3 is very scarce in the literature. Up to now, only one Sr diffusion study was published, where 90 Sr radiotracer experiments were conducted at a p(O 2 ) of 0.3-0.8 bar, using nominally undoped, slightly acceptor doped (100 ppm Al) SrTiO 3 single crystals. 25 17 The ambipolar diffusion of anion and cation defects allows in this case to monitor the evolution of the cation vacancy profile by anion tracer experiments. For dopant contents 40.2 at%, D V 00 Sr increases slightly. 17 Furthermore, computer simulation studies resulted in a value of 2.52 eV for the activation enthalpy of Sr vacancy diffusion. 12 From these values for D V 00 Sr , Sr diffusion coefficients were calculated using eqn. (10) . All literature data are plotted together with the data of this work in the Arrhenius diagram in Fig. 6 .
Because of the much higher activation energy of 6.1 eV, the D value of Rhodes and Kingery 25 increases more strongly with temperature, but the actual value at 1773 K is only ca. 1.2 times lower than our data for r0.02 at% La-doping, respectively. This difference is quite acceptable, considering that the values of Rhodes and Kingery were in fact deduced from experiments at a single temperature of 2148 K.
On the contrary, the values calculated from literature D V 00 Sr data are generally higher than our values. The best agreement is obtained with the data of Meyer et al., 17 which deviate from our values by a factor of 2-3 at strong doping and 5-7 at weak doping. As these values were determined indirectly, this is a sufficient agreement, indicating that their method is helpful where direct cation diffusion measurements are not possible or very difficult. Another possible application would be to use their method prior to cation tracer diffusion experiments to estimate the required temperatures and annealing durations. A prerequisite is of course that the defect chemistry is known, that both cation and anion defects take part in the equilibration following a change in the atmosphere, and that the anion diffusivity is much higher compared to the cation diffusivity.
The values derived from Poignant and Abe´lard 26 exceed our data by a factor of 12 for strong doping and 1773 K to ca. 60 for weak doping and 1573 K. This might be related to the different chemical composition of their samples, containing a significant amount of Ca on the A site (with a Sr/Ca ratio of about 10) and minor quantities of Al and Si. Especially the high Ca content may be important, as pure CaTiO 3 possesses a different, orthorhombic distorted perovskite structure. Finally, because of their low activation enthalpy for Sr vacancy diffusion of 2.52 eV, the calculated values of Akhtar et al.
12 would lead to still higher D Sr values, which are therefore not displayed in Fig. 6 . Fig. 6 also contains results for Ti tracer diffusion 29 obtained for 1 at% La-doped SrTiO 3 in the same manner as for the Sr ion implanted samples in this work. As with Sr, annealing of the weakly doped samples for several weeks did not lead to a measurable diffusion of the Ti tracer. A comparable dopant concentration dependency is observed, which is shifted to lower diffusivities by a factor of E5 compared to Sr. Because the low Ti vacancy concentrations (see section 1) and the high activation enthalpy of Ti vacancy diffusion of 11.6 eV, 12 Ti is also believed to move via Sr vacancies, 29 explaining the similar behaviour of Sr and Ti and the lower diffusivity of Ti compared to Sr.
Lastly, the determined Sr diffusion coefficients are about a decade lower than La diffusion coefficients for the same material at 1 at% La-doping and 1573 K. 28 Hence, the La diffusion coefficient is comparable to the Sr vacancy diffusion coefficient which is supported by the relation D La E 0.5 D V 00
Sr following from the combination of eqn. (3) and (10) . Again, the La diffusivity increases with the doping concentration indicating a similar, strontium vacancy mediated transport mechanism. 
